In this work, we study the characteristics of plasma oxynitrided Hf and Zr thin films. A 5-nm-thick Hf or Zr metal film is deposited on the bare Si substrate, followed by plasma oxynitridation on these metal films in a N 2 O or NH 3 ambient. Incorporation of O and N leads to the formation of HfO x N y and ZrO x N y films. The high nitrogen content in the HfO x N y films prepared by NH 3 plasma oxynitridation is found to increase the onset of the crystallization temperature, as compared to films prepared by N 2 O plasma oxynitridation. Nevertheless, the difference in crystallization temperature is not seen for ZrO x N y films. The interlayer ͑IL͒ between HfO x N y ͑or ZrO x N y ͒ and Si is found to be thinner for the films with NH 3 plasma oxynitridation than those with N 2 O plasma oxynitridation. However, the nitrogen incorporated by plasma oxynitridation appears to be depleted after rapid thermal oxidation annealing and is not effective to inhibit the growth of the IL. Achieving high-performance complementary metal-oxidesemiconductor field-effect transistors drives the downscaling of silicon technology forward. High dielectric constant ͑͒ materials are becoming increasingly favorable due to the exponential increase in tunneling currents with decreasing SiO 2 thickness in the ultrathin regime. Of these, ZrO 2 and HfO 2 are the most promising candidates for their high relative dielectric constant ͑ = 20-25͒ and good thermal stability. Applying high-materials can maintain the same gate capacitance in terms of the equivalent oxide thickness ͑EOT͒ of SiO 2 while decreasing the tunneling current with a thicker physical thickness.
Achieving high-performance complementary metal-oxidesemiconductor field-effect transistors drives the downscaling of silicon technology forward. High dielectric constant ͑͒ materials are becoming increasingly favorable due to the exponential increase in tunneling currents with decreasing SiO 2 thickness in the ultrathin regime. Of these, ZrO 2 and HfO 2 are the most promising candidates for their high relative dielectric constant ͑ = 20-25͒ and good thermal stability. Applying high-materials can maintain the same gate capacitance in terms of the equivalent oxide thickness ͑EOT͒ of SiO 2 while decreasing the tunneling current with a thicker physical thickness.
However, several issues associated with ZrO 2 and HfO 2 materials for gate-dielectric applications are encountered. For example, while they are thermodynamically stable in contact with Si, an interlayer ͑IL͒ is still generated during the deposition and/or subsequent post-annealing process. [1] [2] [3] It reveals that the degree of IL growth is highly dependent on the surface preparation, the deposition, and the post-annealing conditions. Ferrari et al. have shown that short-time annealing is sufficient to form a relatively thick IL by means of injecting oxygen into Si from ZrO 2 and HfO 2 . 4 Therefore, it is suggested that oxide itself is also involved in the fast oxidation of Si at the initial stage. Thermal stability is a critical issue in replacement of conventional SiO 2 gate dielectrics with high-materials. The IL growth as well as the interface reaction are of particular concern in this respect. Accordingly, engineering of the interface becomes a challenging issue in fabricating high-gate dielectrics.
Apart from the reduction of the gate dielectric thickness, it is feasible to reduce the EOT by means of reducing the thickness of the IL. Depositing the metal film followed by an oxidation process is a promising way to fabricate the gate dielectric with a low EOT. Jeon et al. prepared ZrO 2 films by thermal oxidation of a sputter deposited Zr-metal layer and obtained encouraging results by optimizing the wet oxidation conditions. 5 Tsui et al. increased the Hf thickness and achieved a thinner IL in the HfO 2 /Hf stacks. 6 Yamamoto et al. made improvement in the electrical characteristics by blocking the oxygen from diffusing through the HfO 2 films into the Si substrates, due to oxidation of the Hf metal layer itself with an HfO 2 /Hf stacked structure. 7 As a consequence, the oxidation condition appears to be the key factor determining the quality of the gate dielectric.
Nitrogen is considered to be the additive to stabilize the gate dielectrics either in high-materials or in the IL. 8, 9 Many studies reported that nitrogen piled up at the interface will retard the growth of SiO 2 .
10 Moreover, it also enhances resistance to boron diffusion, 11 increases time-dependent dielectric breakdown, 12 decreases interface state density generation ͑⌬D it ͒ under electrical stress, 13 and suppresses hot carrier injection into the oxide. 14 However, increasing the nitrogen content is far from being satisfactory, since it will increase the D it of as-grown films as well as worsen the reliability of negative-bias temperature instability. 15 Moreover, the incorporation of nitrogen at the oxide/semiconductor interface may degrade the channel mobility. 16 Therefore, it is important to control the nitrogen level in the film for reliable performance of the electronic device.
In this work, we investigate the characteristics of nominally 5-nm-thick Hf and Zr metal layers on Si followed by N 2 O or NH 3 plasma oxynitridation. The oxynitrided metal layers are then subjected to rapid thermal annealing at various temperatures. The IL growth and chemical bonding configurations of oxynitrided metal layers before and after rapid thermal annealing are discussed.
Experimental
The substrates used in this study were p-type mirror polished silicon ͑100͒ wafers. The Si surface was cleaned by a modified Radio Corporation of America ͑RCA͒ clean and then dipped in 1% HF solution for 20 s to remove the chemical oxide, followed by a DI water rinse and N 2 dry.
The Hf and Zr metal layers were deposited by rf magnetron sputtering from the Hf target ͑purity: 99.9%͒ and Zr target ͑purity: 99.7%͒, respectively. The chamber was pumped down to 4 ϫ 10 −6 Torr. Thicknesses of Hf and Zr metal layers were controlled to be nominally 5 nm. The Hf/Si or Zr/Si samples were then transferred to another chamber for low-temperature plasma oxynitridation. Plasma oxynitridation was carried out in a cold-wall, parallelplate, plasma-enhanced chemical vapor deposition ͑PECVD͒ chamber. Keeping the total pressure at 0.4 Torr and temperature at 450°C, capacitively coupled plasma was generated by a radiofrequency ͑rf, 13.56 MHz͒ power supply connected to the showerhead plate with a power of 50 W and the substrate holder was grounded. The Hf/Si or Zr/Si samples were oxynitrided in N 2 O or NH 3 plasma for 150 s. NH 3 plasma also oxynitridized the films, where oxygen was unintentionally introduced because oxygen was always residual in the PECVD chamber. After oxynitridation, films were annealed in a Heatpulse 610i rapid thermal process chamber with flowing dry O 2 at temperatures ranging from 500 to 800°C for 30 s. The oxygen flow rate is 100 sccm and the oxygen pressure is 1 atm.
The phases of the structure were identified by a Rigaku D/MAX 2500 glancing incident angle X-ray diffraction ͑GIAXRD͒ method with Cu K␣ radiation at an incident angle of 2°. Chemical bonding states of ultrathin HfO x N y /IL/Si and ZrO x N y /IL/Si structures were examined by using a VG ESCA-210 X-ray photoelectron spectroscope ͑XPS͒ equipped with a 12 kV Al/Mg X-ray source. XPS measurements were performed using Al K␣ emission at 1486.6 eV. Due to charge accumulation on the insulator surface, the spectra were corrected by shifting the peak of the Si 2p 3/2 to 99.0 eV. 17 The spin-orbit splitting of 0.6 eV and the area ratio of 1:2 are used for fitting the spectrum with the Si 2p 3/2 and 2p 1/2 peaks. 17 The background has been subtracted using a Shirley method. A methodology to measure the SiO 2 IL thickness by XPS has been previously reported and a detailed description is given elsewhere.
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Results and Discussion
Structure properties of HfO x N y and ZrO x N y films.- Figure 1a shows the GIAXRD patterns of N 2 O or NH 3 plasma oxynitrided HfO x N y films after rapid thermal oxidation ͑RTO͒ annealing at 700 and 800°C. One can see that the ͑111͒, ͑220͒, and ͑222͒ diffraction peaks of the tetragonal HfO 2 phase ͑ICDD PDF 08-0342͒ 19 become pronounced for the N 2 O plasma oxynitrided sample after annealing at 700°C, but not for the NH 3 plasma oxynitrided sample. After annealing at 800°C, the diffraction patterns make no significant difference between the N 2 O and NH 3 oxynitrided HfO x N y films. Our previous study on the plasma oxynitridation of Si reveals that, with the same treatment duration, more nitrogen atoms are incorporated in the films formed by NH 3 plasma oxynitridation than by N 2 O plasma oxynitridation. 20 A similar result is seen for the current study and will be shown later in Fig. 2 . It suggests that the incorporation of nitrogen in the HfO x N y films may increase the crystallization temperature of HfO 2 . Lee et al. reported that incorporation of 4-11 atom % nitrogen in HfO 2 films increases the crystallization temperature from between 500 and 600°C to between 600 and 700°C. 21 In our case, the crystallization temperature for N 2 O and NH 3 oxynitrided HfO x N y films is between 600 and 700°C. It seems that the crystallization temperature for N 2 O oxynitrided HfO x N y films is lower than that for NH 3 oxynitrided HfO x N y films since the ͑111͒ diffraction peak is more significant for N 2 O oxynitrided HfO x N y films. It does not show much difference in the crystallization temperature between N 2 O and NH 3 oxynitrided ZrO x N y films, as shown in Fig. 1b . The diffraction peaks are not conspicuous and are identified as ͑111͒ and ͑220͒ planes, which are associated with the tetragonal ZrO 2 phase ͑ICDD PDF 17-0923͒. The intensity of the diffraction peak after annealing at 700°C ͑not shown͒ is still the same as that after annealing at 600°C. We discuss the different behavior in the crystallization temperature between ZrO x N y films and HfO x N y films in the next section. 
Chemical bonding configurations of HfO
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oxynitrided samples is greater than that for N 2 O oxynitrided samples. As a result, the NH 3 plasma oxynitridation process incorporates more nitrogen in the HfO x N y /IL/Si and ZrO x N y /IL/Si stacks than the N 2 O plasma oxynitridation process does. For HfO x N y films, the N 1s spectra show a broad peak which is composed of several bonding states, i.e., the N atom bonds to Hf atoms or O atoms. The binding energy ͑BE͒ for NϵHf 3 varies from 396.0 to 396.9 eV, depending on the N content and deposition conditions. 22 Typically, one N atom can bond to three atoms. The electronegativity for Hf, N, and O is 1.3, 3.04, and 3.44, respectively. 23 The BE of the nitrogen 1s core levels will be the lowest if the N atom bonds to three Hf atoms. Conversely, when Hf atoms in the NϵHf 3 bonding configuration are substituted with O atoms, the BE will shift to a higher value. To the best of our knowledge, we have not found reported BE data of nitrogen 1s core levels in Hf 2 24 Because the electronegativity of Si ͑1.90͒ is greater than that of Hf, the BEs are expected to be lower than 401.3 and 403.6 eV for Hf 2 =N-O and Hf-N=O 2 . Because the incorporated nitrogen is possibly embedded in both the hafnium-rich and oxygen-rich regions, the observed BE of N 1s core levels in HfO x N y films ranges from ϳ396 to ϳ403 eV, suggestive of a wide peak in Fig. 2a and b .
As for ZrO x N y films, the peaks of N 1s core levels at 399.9 ± 0.3 eV and 397.7 ± 0.2 eV are observed for samples prepared by N 2 O plasma oxynitridation and NH 3 plasma oxynitridation, respectively. Prieto et al. demonstrated that the BE of NϵZr 3 is 397.3 eV. 25 Accordingly, the main bonding configuration for NH 3 plasma oxynitrided ZrO x N y films is supposed to be NϵZr 3 . However, the BE of the NϵZr 3 in our sample shows a higher value than the reported one, which may arise from the second-nearest-neighbor effect. That is, the O atom, which bonds to the Zr atom as the nearest neighbor, in the ZrO x N y films ͑e.g., Zr-O ␦ N 4-␦ ,␦ = 1, 2, 3͒ will shift the N 1s peak to a higher BE. The degree of the shift is dependent on the oxygen content. As a consequence, the BE is observed to be larger than 397.3 eV. The BE of the N 1s peak for the N 2 O plasma oxynitrided film is higher than that of the NH 3 plasma oxynitrided one by about 2 eV. It suggests that the N atom may directly bond to one oxygen atom ͑i.e., Zr 2 v N-O͒ in the N 2 O plasma oxynitrided ZrO x N y films.
Plasma oxynitridation is supposed to introduce more nitrogen at the surface and therefore the depth profile of nitrogen may not be uniform in our case. This makes it difficult to determine the real nitrogen content of the HfO x N y and ZrO x N y films. Considering that the depth distribution of nitrogen in HfO x N y and ZrO x N y films is uniform, we integrate the intensity area of Hf 4f, Zr 3d, O 1s ͑O in the IL is not included͒, and N 1s spectra, and the areas are divided by their sensitivity factors, respectively. The ͓N͔ levels for N 2 O and NH 3 oxynitrided HfO x N y films are 4.9 and 7.8%, respectively. The ͓N͔ levels for N 2 O and NH 3 oxynitrided ZrO x N y films are 3.1 and 5.9%, respectively. HfO 2 and ZrO 2 are expected to behave similarly and they are elements of group IV B in the periodic table. However, in our case, the N 1s spectra show the difference between plasma oxynitridized HfO x N y and ZrO x N y films. The nitrogen content of HfO x N y films is also shown to be higher than that of ZrO x N y films. Besides, the HfO x N y films contain more unstable N-O and N-O 2 bondings than ZrO x N y films. The lattice constants for tetragonal HfO 2 ͑a = 5.15 Å, c = 5.29 Å͒ are reported to be larger than the tetragonal ZrO 2 ͑a = 5.05 Å, c = 5.18 Å͒. 26 The atomic radii are nearly the same for Hf ͑1.56 Å͒ and Zr ͑1.59 Å͒, but the smaller volume density of HfO 2 may be more suitable for nitrogen ͑atomic radius = 0.55 Å͒ incorporation via plasma treatments.
After RTO annealing at 500°C, both HfO x N y and ZrO x N y films reveal their N 1s spectra with no significant peak ͑not shown͒. The disappearance of the N 1s signal may be attributed to the following two reasons. First, the incorporated nitrogen is unstable within the HfO x N y and ZrO x N y films. Kim et al. showed that the nitrogen species formed by energetic plasma process is kinetically trapped within the shallow part of the film. 27 The bonding state of nitrogen is likely to be thermally unstable. Miotti et al. demonstrated that the near-surface nitrogen is lost in exchange for O when annealing in oxygen ambient. 28 Hence, the nitrogen is depleted after RTO annealing. Second, the N 1s signal does not disappear because N atoms tend to pile up at the IL/Si interface upon annealing, at which the photoelectron signal decays exponentially with the depth. Therefore, it is hard to detect the N 1s signal. In summary, we propose that part of the nitrogen in the films is dissociated into the air and the other part of the nitrogen is driven to the IL/Si interface during RTO annealing.
NH 3 plasma oxynitridation is shown to incorporate more nitrogen in the films. Therefore, the crystallization of NH 3 plasma oxynitrided HfO x N y films needs to be conducted at a higher temperature, as compared to N 2 O plasma oxynitrided HfO x N y films, to deplete nitrogen atoms first and then crystallize the HfO 2 . As a result, the crystallization temperature is higher for the NH 3 plasma oxynitrided HfO x N y , as shown in Fig. 1a . However, the rich-N content in NH 3 plasma oxynitrided ZrO x N y does not defer its crystallization from our results. It is proposed that the thermal budget for the nitrogen depletion in ZrO x N y films is lower than that of HfO x N y films. Consequently, the crystallization temperature of ZrO x N y films does not show much difference via N 2 O or NH 3 plasma oxynitridation. prepared by N 2 O or NH 3 plasma oxynitridation, followed by RTO annealing at 500, 600, 700, and 800°C for 30 s. The spin-orbit splitting of 1.71 eV and the area ratio of 4:3 between the Hf 4f 7/2 and 4f 5/2 were applied for fitting the Hf 4f spectra, as shown in Fig.  3a . 29 The BEs of the Hf 4f 7/2 core level for N 2 O and NH 3 oxynitrided HfO x N y are 17.3 and 17.4 eV, respectively. The reported BE of the Hf 4f 7/2 core level for HfN ranges from 15.0 to 15.5 eV, depending on the nitrogen content of the film, while that for HfO 2 is 17.9 eV. 30 No peak pertaining to metallic Hf is found in the Hf 4f spectra. It suggests that plasma oxynitridation process is efficient to transform the ultrathin metallic Hf films into HfO x N y films. Annealing the as-oxynitrided HfO x N y films to 800°C results in a 0.6 and 0.7 eV BE shift of Hf 4f 7/2 core levels for N 2 O plasma oxynitrided and NH 3 plasma oxynitrided samples, respectively. The value is near the BE of Hf4f 7/2 core levels for HfO 2 films reported in the literature. 30 Table II shows the BEs and fwhms of Zr 3d 5/2 , O 1s, and Si 4+ 2p core-level electrons for Zr films after N 2 O or NH 3 plasma oxynitridation, followed by RTO annealing at 500, 600, and 700°C for 30 s. The spin-orbit splitting of 2.43 eV and the area ratio of 3:2 between the Zr 3d 5/2 and 3d 3/2 were applied for fitting the Zr 3d spectra, as shown in Fig. 3b . 29 The BEs of Zr 3d 5/2 core levels for N 2 O and NH 3 oxynitrided ZrO x N y are 182.5 and 182.2 eV, respectively. The reported BEs of Zr 3d 5/2 core levels for metallic Zr and ZrO 2 from the literature are 178.7 and 183.3 eV, respectively. 31, 32 The BEs of Zr 3d 5/2 core levels for ZrN x ͑x = 0.7-1.0͒ and Zr 3 N 4 are 0.6-1.3 eV and 2.0 eV higher than that of metallic Zr, respectively. 25 Annealing the as-oxynitrided ZrO x N y films to 700°C leads to a 0.7 and 0.8 eV BE shift of Zr 3d 5/2 core levels for N 2 O plasma oxynitridation and NH 3 plasma oxynitridation, respectively, as given in Table  II . The value is near the BE of Zr 3d 5/2 core levels for ZrO 2 films in the literature. 31, 32 The O 1s peak is composed of signals from the HfO x N y or ZrO x N y films and the IL. Hence, to understand the bonding configuration before and after RTO annealing, a deconvolution process is conducted to resolve the two peaks. The O 1s spectrum is deconvoluted on the basis of their asymmetric shape. The fwhm of O-Hf and O-Zr is determined by fitting thick HfO 2 and ZrO 2 films deposited on a Si substrate. The BE of the O 1s ͑IL͒ peak is determined from the shoulder position. The deconvoluted peaks with their BEs and fwhms are summarized in Tables I and II . It is suggested that the intensity of the O 1s peaks from the high-film and the IL shifts to high BEs after RTO annealing, indicative of the increased oxygen content in the stacks.
Comparing the two tables, one can see that the BEs of Hf 4f, Zr 3d, O 1s, and Si 4+ 2p core levels are all shifted to higher values after RTO annealing. It is assumed that the plasma oxynitridation process is not sufficient to supply enough oxygen or nitrogen into the HfO x N y or the ZrO x N y films, so the oxygen and nitrogen in the films are possibly understoichiometry ͑x + y Ͻ 2͒. In addition, even though the N 1s spectra of as-oxynitrided samples are different for N 2 O and NH 3 plasma processes ͑i.e., the nitrogen content and bonding configurations͒, oxygen atoms which are incorporated into the films during the RTO annealing may deplete the nitrogen, regardless of the initial nitrogen concentration. Owing to its high electronegativity, the increased oxygen content in the films subsequently increases the BEs of the core-level electrons of all elements. The two tables also show the increase in Si 4+ as a function of RTO annealing temperatures. In HfO x N y and ZrO x N y cases, the BE of Si 4+ via N 2 O Table II . Binding energies and fwhms of Zr 3d 5/2 , O 1s, and Si 4+ 2p core-level electrons for Zr films after N 2 O or NH 3 plasma oxynitridation. The films are then subjected to RTO annealing at 500, 600, and 700°C for 30 s. The spin-orbit splitting of 2.43 eV and the area ratio of 3:2 between the Zr 3d 5/2 and 3d 3/2 applied for fitting the spectra. The O 1s photoelectron peak is deconvoluted into two components representing the signals from the ZrO x N y and the IL, respectively. 
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plasma oxynitridation is higher than that via NH 3 plasma oxynitridation. The BE difference may be due to different IL thicknesses 33 and nitrogen contents. A snap back of BEs of Hf 4f core levels is observed in both the N 2 O and NH 3 cases after RTO annealing. It may be relevant to the initial state of as-oxynitridized HfO x N y . As is shown in the N 1s spectra of HfO x N y and ZrO x N y , the HfO x N y film contains more N-O and N-O 2 states than ZrO x N y does. After RTO annealing at 500 and 600°C, the nitrogen depletes while the supply of oxygen for HfO x N y films is not as much as the as-oxynitrided films. The asoxynitridized HfO x N y structure shall be relaxed after annealing at 500 and 600°C. In other words, the plasma process incorporates more N and O in the vicinity of Hf for as-oxynitrided HfO x N y films as compared to the N and O content of the HfO x N y films annealed at 500 and 600°C.
Interlayer growth behavior..- Figure 4a and b shows the XPS spectra of Si 2p core levels of Hf and Zr thin films after N 2 O or NH 3 plasma oxynitridation. The Si 4+ peak is associated with the Si tetrahedral bondings ͑to four foreign atoms͒ in the IL, and the Si 0 2p 3/2 and 2p 1/2 peaks arise from the pure Si networks of the Si substrate. A peak representative of the interface states ͑Si 1+ , Si 2+ , and Si 3+ ͒ is also fitted in the Si 2p spectra. The number of escaped photoelectrons without losing their energy decays exponentially as ͑−d/͒ with its depth d from surface, where is the inelastic mean free path of a photoelectron. The intensity of Si 0 depends inversely on the total thickness of HfO x N y /IL or ZrO x N y /IL film stacks, whereas that of Si 4+ increases with the increasing thickness of IL. The IL may be SiO 2 or a metal silicate layer. It is found that the IL is thicker for the samples prepared by N 2 O plasma oxynitridation than by NH 3 plasma oxynitridation. This observation is conceivable since N 2 O may dissociate into both oxidizing and nitridizing species 34 whereas NH 3 produces nitridizing species only. 35 The oxidizing species will react with the Si substrate and assist the growth of the IL. However, the nitridizing species will introduce nitrogen at the interface and retard the growth of the IL, leading to a thinner IL. Figure 5 shows XPS spectra of Si 2p core levels on the surface of N 2 O plasma oxynitrided HfO x N y films on Si, before and after RTO annealing at 500-800°C for 30 s. It is observed that the Si 4+ peak increases whereas the Si 0 peak attenuates with annealing temperatures. It is conceivable that the IL grows when annealed in oxygen ambient and the IL thickness increases with the increasing annealing temperature. The IL growth upon RTO annealing in the ZrO x N y system shows a similar trend and thus the spectra are not shown here. Figure 6a and b shows the IL thickness obtained from the Si 2p spectra. The method of extracting the IL thickness is described in Ref. 18 . Though the initial IL thickness is thinner for NH 3 plasma oxynitrided films, it is observed that the IL of the samples prepared by NH 3 plasma oxynitridation grows faster than those by N 2 O plasma oxynitridation after RTO annealing. The IL thicknesses are nearly the same for N 2 O and NH 3 plasma oxynitrided HfO x N y after RTO annealing, whereas the IL grows slower for N 2 O plasma oxynitrided ZrO x N y than for NH 3 plasma oxynitrided ZrO x N y . The IL growth rate is observed to be higher for NH 3 oxynitrided films than N 2 O treated ones even though NH 3 plasma oxynitrided HfO x N y and ZrO x N y contain more nitrogen. The phenomena may be related to the hydrogen effect. Hydrogen is the species which is often introduced via NH 3 plasma process and it may play an important role in the assistance of the IL growth. H 2 O molecules and hydroxyl groups are known to be efficient oxidants. The hydrogen atoms exist in the IL/Si interface of NH 3 plasma. Oxynitrided samples may form the hydroxyl group that will attack the Si-Si backbond, and in turn, the IL growth rate thus increases. 36 The growth rate for NH 3 plasma oxynitrided samples ͑HfO x N y or ZrO x N y ͒ is higher than the N 2 O plasma oxynitrided one. After annealing at 700°C, the IL thicknesses for N 2 O-and NH 3 -treated HfO x N y films and NH 3 -treated ZrO x N y films are all around 27-28 Å, while that for the N 2 O-treated ZrO x N y films is around 23-24 Å. There are three factors that will affect the IL growth: ͑i͒ the nitrogen in the films and at the IL/Si interface, ͑ii͒ the oxygen diffusivity through the nitrided films, and ͑iii͒ the hydrogen effect. The IL growth rate is observed to be lower in N 2 O plasma oxynitrided ZrO x N y films, and we think that it may be due to nitrogen piled up at the IL/Si interface to retard the IL growth and no hydrogen to assist the growth of the IL with the N 2 O plasma treatment. However, the retardation of the IL growth is not seen for HfO x N y films with the N 2 O plasma treatment. It may be ascribed to the lower crystallization temperature ͑Ͻ700°C͒ of HfO x N y films with the N 2 O plasma treatment than that with NH 3 plasma treatment, as shown in 21 Moreover, the activation energy for the IL growth of N 2 O and NH 3 oxynitrided ZrO x N y is 0.19 and 0.14 eV, respectively. It is also shown that the activation energy of N 2 O oxynitrided ZrO x N y is higher than that of NH 3 oxynitrided ZrO x N y , which is in accordance with the result of the HfO x N y system.
Conclusions
In this work, we study the characteristics of N 2 O and NH 3 plasma oxynitrided HfO x N y and ZrO x N y films. It is revealed that NH 3 plasma oxynitrided HfO x N y and ZrO x N y films exhibit a thinner 
